NiCrAlY, Ni 3 Al and Stellite-6 metallic coatings were deposited on a Ni-based . NiCrAlY was used as bond coat in all the cases. Hot corrosion studies were conducted on uncoated as well as plasma spray coated superalloy specimens after exposure to molten salt at 900°C under cyclic conditions. The thermogravimetric technique was used to establish kinetics of corrosion. X-Ray Diffraction, SEM/EDAX and EPMA techniques were used to analyse the corrosion products. The uncoated superalloy suffered a catastrophic corrosion in the form of intense spalling of the scale accompanied by disintegration of the scale with cracking sounds. NiCrAlY coated specimen showed a minimum weight gain, whereas the Stellite-6 indicated a maximum weight gain among the coatings studied. All the coatings were found to be successful in reducing spalling of the superalloy substrate. It is concluded that the formation of oxides and spinels containing nickel, aluminium, chromium or cobalt contributes to an improved hot corrosion resistance.
Introduction
Advances in materials development and cooling schemes will lead to higher operation temperatures of new-generation gas turbine engines. The combination of such high temperatures with an aircraft environment that contains contaminants such as sodium, sulphur, vanadium and various halides requires special attention to the phenomena of hot corrosion. 1) Hot corrosion is defined as an accelerated oxidation of materials at elevated temperatures induced by a thin film of fused salt deposit. 2) At present gas turbine technology for power generation and aero engine applications places an increasing demand on the use of high temperature Ni-based superalloys. Although the Ni-base superalloys possess adequate strength at the turbine operating temperatures, they often lack resistance to the combustion environments. In such environments protective coating on the surface of superalloys are frequently considered. Although protective surface treatments are widely used at low temperature, the use of these at elevated temperature is more recent. Current high temperature applications are limited largely to the aerospace industry. An enormous challenge exists now to develop and apply these techniques to other high temperature applications. 3) Among the various coating methods, advanced plasma spray technique has many advantages such as high productivity for thick coating films of more than 100 mm and good applicability for a wide range of coating materials including ceramic powder. Furthermore, the process does not cause degradation of the mechanical properties of the alloy substrate. 4, 5) Overlay coatings include a family of corrosion resistant alloys specially designed for high temperature surface protection. They are often referred to as M-Cr-Al-Y coatings, where M is the alloy base metal (typically nickel, cobalt, or combination of these two).
1) The high resistance of highchromium, nickel-chromium alloys to high-temperature oxidation and corrosion makes them widely used as welded and thermally sprayed coatings in fossil fuel-fired boilers, waste incineration boilers, and electric furnaces. 6 ) Ni 3 Al coatings on steel have been reported to improve the oxidation and corrosion resistance as well as the elevated-temperature tribological properties of the substrate. 7, 8) Seiersten and Kofstad 9, 10) and Gurrappa 11) have conducted oxidation studies on air plasma sprayed MCrAlY coatings in the various mixed salt environments. High temperature oxidation of gas flame sprayed NiCrAl, FeNiCrAl and NiCr coatings has been studied by Longa and Takemoto 12) in a mixed salt of Na 2 SO 4 -85 %V 2 O 5 at 900°C. LongaNava et al. 13) have also evaluated the hot corrosion performance of LPPS 80Ni-20Cr and flame sprayed Ni-20Cr-4Al coatings on stainless steel, by thin films of Na 2 SO 4 and 0.7 mole fraction Na 2 SO 4 -0.3 mole fraction of NaVO 3 at 900°C in a 1 %SO 2 -O 2 gas atmosphere.
Yamada et al. 14) carried out studies to evaluate the hightemperature corrosion resistance of Ni-20Cr, Ni-50Cr and Cr coated boiler tubes in actual refuse incineration plant as well as in laboratory tests. Uusitalo et al. 15) and Uusitalo et al. 16) have reported the use of thermal sprayed Ni/Cr coatings on ferritic and austenitic boiler steels and studied the high temperature corrosion of the coatings in various envi-ronments consisting of different compositions of Na 2 SO 4 , K 2 SO 4 , NaCl, KCl salts in oxidising as well as reducing atmospheres of mixed gases. Singh and Prakash 17) studied the corrosion behaviour of plasma-sprayed Ni 3 Al coatings on boiler steels in oxidation and molten salt environments at 900°C and found these coating quite effective in developing hot corrosion resistance.
The MCrAlY bond coats provide a rough surface for mechanical bonding of the ceramic top coat, protect the underlying alloy substrate against high temperature oxidation corrosion and minimize the effect of thermal expansion mismatch between the substrate and the ceramic top coat materials. 18) Although considerable insight has been accumulated on oxidation behaviour of NiCrAlY and Ni-20Cr coatings and to some extent of Ni 3 Al coatings on Ni-base superalloys in air as well as in aggressive environments at high temperatures, but no information is available on the high temperature oxidation behaviour of these coatings in an aggressive environment of molten salt (Na 2 SO 4 -60 %V 2 O 5 ), which has much lower melting point (Ϸ500°C) than other compositions of Na 2 SO 4 -V 2 O 5 mixtures as per the open literature. 19) Similarly the investigation will provide vital information on the hot corrosion behaviour of plasma spray Stellite-6 coatings, which will be useful for studying its use in combined corrosion and wear situations. Uusitalo et al. 15) have also realized that there is a little discussion of high temperature corrosion testing on thermal sprayed coatings in literature. Moreover, due to the intrinsic properties of thermal spraying technique, it must be emphasized that more work is needed in order to get a reliable corrosion resistant coating in many environments. 20) The objective of the work is to characterise the high temperature corrosion mechanisms for plasma spray metallic coatings of NiCrAlY, Ni-20Cr, Ni 3 Al and Stellite-6 on a Ni-based Superalloy namely Superni 718 (Similar Grade Inconel 718) in an aggressive environment of molten salt (Na 2 SO 4 -60 %V 2 O 5 ).
Experimental Procedure

Development of Coatings
Substrate Material
The substrate material selected was a Ni-based superalloy namely Superni 718 being procured from Mishra Dhatu Nigham Limited, Hyderabad (India) in the rolled sheet form. The chemical composition of the substrate material is 18.5Fe-19Cr-0.5Al-0.9Ti-3.05Mo-0.18Mn-0.18Si-5.13Ta-0.15Cu-0.04C-Balance Ni. The specimens with dimensions of approximately 20 mmϫ15 mmϫ5 mm were cut from the sheet. The specimens were polished and grit blasted with alumina powders (grit 60) before being plasma sprayed.
Coating Powders
Four types of alloy powders were used. Details of these powders are given in Table 1 . Whereas first three powders viz. Ni-22Cr-10Al-1Y, Ni-20Cr and Stellite-6 were commercially available, the fourth one i.e. Ni 3 Al was prepared by mixing nickel (minimum assay 99.5 %) and aluminium (minimum assay 99.7 %) fine powders. These powders were mixed in a stoichiometric ratio of 3 : 1 in the ball mill for 8 h.
Coating Formulation
Specimens were grit blasted before plasma spraying. 40 kW Miller Thermal Plasma Spray Apparatus was used to apply the coatings. Argon was used as powder carrying and shielding gas. All the process parameters including the spray distance were constant throughout coating process. The parameters include arc current of 700 A, arc voltage 35 V, powder flow rate 3.2 rev/min, spraying distance 90-110 mm, the plasma arc gas (Argon) and carrier gas (Argon) pressures of 59 and 40 psi respectively. NiCrAlY powder was used as a bond coat before applying the final coatings of Ni-20Cr, Ni 3 Al and Stellite-6 alloy powders on the specimens, whereas the bond coat NiCrAlY itself was selected as a coating in one case. In all the cases, the coating on the top and bottom surfaces as well as on sides of the specimen was smooth, and the edges of the specimens were sharp. The coatings were found to be crack free. In case of NiCrAlY and Ni-20Cr coatings the colour was dull green colour, whereas Stellite-6 and Ni 3 Al coated specimens were having shining grey colour. For the sake of convenience, the specimens under study have been designated as described in Table 2 . help of Image Analyser having software of Dewinter Material Plus 1.01 based on ASTM B276. The images were obtained through the attached PMP3 Inverted Metallurgical Microscope made in Japan. The porosity values were then determined.
Molten Salt Corrosion Tests
Cyclic studies were performed in molten salt (Na 2 SO 4 -60 %V 2 O 5 ) for 50 cycles. Each cycle consisted of 1 h heating at 900°C in Silicon Carbide tube furnace followed by 20 min cooling at room temperature. The specimens were kept in alumina boats and inserted in the furnace. The aim of cyclic hot corrosion is to create accelerated conditions for testing. The studies were performed for uncoated as well as coated specimens for the purpose of comparison. The specimens were polished down to 1 mm alumina wheel cloth polishing to obtain similar condition of reaction before corrosion run. Coating of Na 2 SO 4 -60 %V 2 O 5 paste was applied on the preheated specimens (250°C) with a camel hairbrush so as to have approximately 3-5 mg of the paste per cm 2 of the specimen surface area. The weight change measurements were taken at the end of each cycle with help of Electronic Balance Model 06120 (Contech) with a sensitivity of 1 mg. The reproducibility in the experiments was determined taking three specimens of the same alloy and subjecting them to same hot corrosion test. Thermogravimetric data was analysed to approximate the kinetics of corrosion. The specimens after corrosion were subjected to XRD and SEM/EDAX for analysis of their surface characteristics.
The XRD analysis was carried out with Bruker AXS D-8 Advance Diffractometer (Germany) with CuK a radiation. The hot corroded specimens were cut across the cross-sections with ISOMET 1 000 Precision Diamond Cutter. These cross-sections were then mounted in transoptic mounting resin, mirror-polished and carbon coated to obtain EDAX and X-ray mapping of the various elements present across scale. EDAX equipment consisted of a Scanning Electron Microscope of JEOL with EDAX attachment of Oxford model Flex Scan 520 England make, whereas JEOL JXA-8600M microprobe was used for X-ray mappings.
Results
SEM/EDAX of As-sprayed Coatings
SEM micrographs showing the surface morphology of the coatings are depicted in Fig. 1 . The micrographs indicate typical splat morphologies for the all the coatings in general with some indications of unmelted particles. EDAX analysis for S1 confirms the formation of required composition. S2 has shown two phases, the white one nearly corresponds to 20 % Cr, thereby indicating probable formation of gЈ phase, whereas the black phase has higher amount of Cr i.e. 45 % which may be due to formation g phase. Figure  1 (S3) confirmed the formation of Ni 3 Al crystalline phase in case of S3. The structure of S4 shows white dendritic regions and black interdendritic areas. 21) The dendritic areas are rich in Cr and Si, while the interdendritic regions are having more Co and depleted of Si, Fig. 1 (S4) .
Measurements of Thickness and Porosity of the
As-sprayed Coatings The thickness of the coatings as measured from the BSE Images has been reported in Table 3 . Further, the porosity of the coatings has been found to be in the range 2.00-4.50 %. The values are shown in Table 3 .
Cyclic Corrosion in Molten Salt
The weight gain plots for the substrate superalloy without coating and with different coatings have been shown in Fig. 2 in the presence of a salt layer of Na 2 SO 4 -60 %V 2 O 5 at 900°C. The uncoated superalloy (S) has shown approximately parabolic behaviour upto 20 cycles with spalling and minor sputtering (disintegration of the scale accompanied by cracking sound during cooling). The colour of the scale was greyish. After 20 cycles the spalling and sputtering went on intensifying and reached to an extent that it became impossible for the boat to restrain the corrosion products and they started falling outside the boat. During cooling period of subsequent cycles the sputtered scale could be seen on the cooling mat in the form of tiny flakes outside the boat. The surfaces of the specimen became rougher and rougher with progress of exposure time and pits were observed.
Among the coatings studied, S1 has shown minimum weight gain, whereas S4 showed a maximum weight gain which is 2.6 times of that perceived by the former. Further, S2 has shown second lowest weight gain, which is 3/5 of that indicated by S4, whereas weight gain by S3 is greater than that by S2 and is 86 % of that conceived by S4. Figure  3 shows the cumulative weight gain/unit area in all the five cases.
All the coatings had shown some cracks at the edges and spalling of the same from near the edges and corners of the specimens. The extent of this spalling followed the trend S4ϾS3ϾS2ϾS1. The spalling of the scale in first three cases was minor in the form of fine greenish powder towards the end of cycles. The spalling of the scale in S4 was comparatively more in the form of blackish powder from 24th cycle onwards. The colour of scales formed was greenish in case of S1, S2 and S3, whereas it was dark grey for S4.
In Fig. 4 , (weight gain/area) 2 vs. number of cycles data are plotted to show conformance with the parabolic rate Table 3 . Average coating thickness and porosity of the as-sprayed coatings.
law. Some scatter in the data indicates that a small amount of cracking and spalling has occurred. Nevertheless these data can be approximated by a parabolic rate law. Table 4 shows the calculated values of the parabolic rate constant K p for the specimens studied ignoring the scatter in the data.
X-ray Diffraction Analysis (XRD)
The XRD phases revealed for the hot corroded specimens after 50 cycles are compiled in 3 . Although these compositions correspond to point analysis still the data is useful to support the formation of various phases in the oxide scales.
Cross-sectional Analysis of the Oxide Scales
The X-ray mappings for uncoated superalloy (Fig. 6 ) indicate a top layer mainly containing nickel, iron and chromium with a sublayer rich in chromium. Aluminium can also be observed uniformly distributed in the scale. Vanadium could be seen throughout the scale indicating formation of vanadates. Molybdenum could be found in somewhat higher concentration in the substrate just at the interface between scale and substrate.
BSEI for the hot corroded S1, Fig. 7 shows a very thin dense layer on the top of the scale, which mainly contains chromium and aluminium. Vanadium is also visible in this layer. In the rest of the oxidised coating, aluminium seems to be distributed along the boundaries of the splats, which are rich in nickel and chromium.
Whereas X-ray mappings of the oxidised S2 indicate a scale rich in nickel and chromium as shown in Fig. 8 . Aluminium is present where the Ni and Cr are absent; it is also seen diffusing towards top coat from the bond coat. Yttrium is found to be mainly confined to the bond coat, with a minor diffusion of the same into the top coat. Diffusion of vanadium into the top coat as well as bond coat has also been observed. Titanium has shown its presence mainly at the interface between the bond coat and the superalloy substrate in the form of a continuous streak. The X-ray mappings for S4 (Fig. 9) indicate a dense layer consisting mainly of chromium and cobalt, which also contain tungsten and silicon. Minor diffusion of iron into the bond coat was also noticed.
Further in the present study, oxygen distribution could not be obtained due to the non-availability of oxygen detector crystal for JEOL Electron Probe Microanalyser JXA-8600 M. Therefore, conclusions regarding penetration of oxygen have been made by cross-sectional point EDAX analysis as has been shown in Fig. 10 for the specimen S3.
The BSEI image for S3, after being subjected to molten salt induced corrosion, reveals the formation of a thick outermost oxide layer, which contains mainly nickel oxide at point 6 as revealed by EDAX analysis. Points 4 and 5 show formation of oxides of nickel, aluminium and, chromium diffused from the bond coat. Yttrium has diffused from the bond coat up to point 5. Point 2 and 3 in the bond coat shows the presence of oxides of nickel, aluminium, and chromium, alongwith small diffusion of iron from the substrate superalloy. Oxygen has diffused even to the substrate causing internal oxidation.
Discussion
The EDAX analysis of the coatings obtained indicates formation of the anticipated chemical compositions. The coatings also have porosity i.e. 2.00-4.50 % within the desired range. All the coatings used in this study were effective in reducing the hot corrosion in the given environment as the extent of weight change was appreciably reduced. The base alloy followed nearly parabolic rate law upto 20 cycles and after that reaction was too intense to analyse, whereas for all the coated specimens parabolic rate was more or less valid upto 50 cycles. This further indicates the protective nature of the coatings studied. The small deviations from the parabolic rate law have also been observed by Levy et al. 22) during studies on the oxidation and hot corrosion of some Ni-base advanced superalloys at 704 to 1 093°C.
The catastrophic hot corrosion of the base superalloy might have been contributed by the presence of higher amount of molybdenum in the alloy. The molybdenum might have resulted in the formation of MoO 3 which cause alloy induced acidic fluxing, subsequently giving rise to spalling of the scale. Fryburg et al. 23) have reported the formation of Na 2 MoO 4 from MoO 3 (mp 795°C) that accumulates along the oxide scale. They further suggested that Na 2 MoO 4 affects the melting of some discrete areas into a large molten phase and the molten oxide phase migrates across the specimen, disrupting and fluxing the scale above it. This was further confirmed by Peters et al. 24) that this breakaway catastrophic attack in case of Ni-base alloys is remedial primarily due to Mo content contributing to failure of the protective scale. Goebel et al. 25) have also indicated catastrophic hot corrosion in case of Mo, W, or V containing Ni-base alloys in Na 2 SO 4 environment. Tiwari 26) and Gitanjaly 27) have worked on the similar alloys and have reported similar behaviour and the formation of phases like NiO, NiCr 2 O 4 and FeV 2 O 4 .
During the cyclic testing cracks were observed along the coatings near the edges and corners only and some spalling of the coatings was observed. This may be attributed to the different values of thermal coefficients for the coating and the substrate as has been reported in the literature by the Niranatlumpong et al., 28) Evans and Taylor 29) and Wang et al. 30) Niranatlumpong et al. 28) were of the opinion that spallation could be initiated by the rapid growth of void-like defects lying adjacent to coating protuberances, at which tensile radial stress developed during cooling as a result of the thermal contraction mismatch between the oxide and the coating is maximum. The formation of cracks in the coating originates from stresses developed in the deposit or at the coating-base metal interface. 31) Through these cracks the corrosive environment can quickly reach the base metal and cut its way under the coating to result in adhesion loss and spalling, whereas some elements may diffuse outwards through these cracks to form their oxides or spinels. Maximum cracking was observed in case of S4, whereas it was least in case of S1. The greenish colour of the scale in case of S1, S2 and S3 specimens may be attributed to the presence of NiO as a dominating phase in the scale identical to the findings of Singh 19) and Bornstein et al. 32) Further in case of S4, main phase is CoO which may be contributing to dark grey colour of the scale.
The NiCrAlY coating has provided the best protection to the base alloy, which may be attributed to presence of oxides of nickel and aluminium and nickel-chromium spinel as indicated by the XRD. The EDAX analysis, Fig. 5 (S1) and X-ray mappings, Fig. 7 also support the presence of these elements. Singh, 19) Wu et al. 33) and Wu (X.) et al. 34) have also reported the formation of similar phases. 35) and Nickel et al. 36) The diffusion of aluminium from the bond coat into the top scale as indicated by X-ray mapping in Fig. 8 was also noticed by Singh. 19) Ul-Hamid 37) has also reported the formation of a-Cr 2 O 3 , NiCr 2 O 4 and NiO phases at the surface of oxidised Ni-20Cr alloy in different configurations. He observed the formation of exclusive and complete aCr 2 O 3 layer only at the localised regions which was attributed to slightly lower concentration of chromium in the alloy beneath the scale than the required critical level necessary to sustain such a scale throughout the alloy surface. The various regions of the oxidised alloy surface were seen to be constituted predominantly of NiCr 2 O 4 . This might be the reason behind weak peaks of Cr 2 O 3 indicated in the present study. Further, Longa-Nava et al. 13) have concluded from the studies on low pressure plasma sprayed Ni-20Cr coatings that the formation of chromate solute anions can prevent suphidation of the alloy.
The hot corrosion resistance indicated by S3 is inferior to that shown by S1 and S2, whereas it performed better than S4. Ni 3 Al has been reported mainly as a NiO former by McCarron et al. 38) with a marginal Al 2 O 3 formation. 39) In the current study, the same has been observed as nickel oxide is revealed from the XRD analysis alongwith small amounts of Al 2 O 3 . Sidhu and Prakash 17) and Malik et al. 40) also reported the similar phases in their studies on Ni 3 Al coatings on boiler steels. The presence of NiO and NiAl 2 O 4 phases was also observed by Lee and Lin 41) during hot corrosion studies on Ni 3 Al intermetallic compound at 800 and 1 000°C. According to Lee and Lin 41) there are two possibilities of the formation of spinel phase; it may be through the reaction of Al and Ni with oxygen in the molten salt or through the evolution of sulphides. Further they suggested that the NiAl 2 O 4 may have better hot corrosion resistance than NiO since the solubility of NiAl 2 O 4 spinel is thermodynamically lesser than that of NiO in the molten salt. In the present study, the co-existence of Ni, O and Al as shown by EDAX analysis (Fig. 10 ) may be indicative of formation of the spinel, which is further supported by XRD analysis.
The specimen S4 has shown the lowest resistance to molten salt induced oxidation among the coatings studied. This may be attributed to comparatively extensive spalling of coating as well as of the oxide scale. The formation of phases CoO and CoCr 2 O 4 revealed by XRD is in accordance with the studies of Singh, 19) Santoro 42) and Luthra.
43)
The protection shown by this coating might be due to the formation of mainly cobalt oxide and spinels containing chromium and cobalt. Luthra 43) proposed that the formation of spinels might stop the diffusion activities through the cobalt oxide (CoO), which in turn suppresses the further formation of this oxide. He further opined that increase in the growth of CoCr 2 O 4 and Cr 2 O 3 in competition with CoO and Co 3 O 4 formation enhances the corrosion resistance of alloys.
Conclusions
The shrouded plasma spray process provides the possibility of developing coatings of Ni 3 Al (stoichiometric) as well as commercially available NiCrAlY, Ni-20Cr, and St-6 powders on Ni-based superalloy Superni 718. In case of Ni 3 Al coating, the formation of Ni 3 Al phase has been confirmed by EDAX.
The porosity of the coatings lies in the range of 2.00-4.50 %. For this range of porosity and mentioned process parameters, the plasma sprayed coatings of MCrAlY, Ni-20Cr, Ni 3 Al and Stellite-6 were found to be useful in developing hot corrosion resistance in a Ni-based superalloy namely Superni 718 in Na 2 SO 4 -60 %V 2 O 5 environment at 900°C.
The uncoated superalloy showed intense spalling and sputtering and the weight gain was enormous during hot corrosion studies in the aggressive environment of Na 2 SO 4 -60 %V 2 O 5 at 900°C. The acidic oxide of Mo might have induced rapid fluxing of the oxide scale and hence catastrophic hot corrosion.
NiCrAlY has provided the best protection to the base alloy, which may be due to the presence of oxides of nickel and aluminium and, NiCr 2 O 4 spinel in the scale. Similarly Ni-20Cr has shown the formation of some protective oxides like NiO and NiCr 2 O 4 .
The hot corrosion resistance shown by Ni 3 Al coating is relatively less as compared to that by NiCrAlY and Ni20Cr coatings, whereas it performed better than St-6 coating. The presence of phases like NiO and Al 2 O 3 and, the spinel NiAl 2 O 4 might have imparted the protectiveness to the coating.
The St-6 coating has shown least resistance to molten salt corrosion among the coatings studied which may be attributed to spalling of the oxide scale as well as of coating. The protection shown by this coating may be due to the formation of cobalt oxide, and spinel of chromium and cobalt.
Maximum cracking/spalling was observed in case of St-6 coating during hot corrosion studies, whereas it was least in case of NiCrAlY coating. This may be attributed to different values of thermal expansion coefficients of the coatings and the substrate. Further, the corrosive environment can quickly reach the base metal through these cracks, resulting in adhesion loss and subsequent spalling of the coating.
